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Photosynthetic acclimation of

Introduction
Industrial scale production of microalgae for biofuels requires that the culture conditions are maximised for both growth rate and biomass. A critical factor in optimising these two is the quantity and quality of the light incident on the culture. This imposes constraints on the configuration of outdoor ponds and enclosed photobioreactors, as well as the geographical location of the pond. Other important factors are mixing, aeration, carbon dioxide delivery and supply of nutrients. Many configurations have been tested for industrial production, the most successful and highly developed of which is the raceway-type pond (Rogers et al. in press ).
Understanding the plasticity of algal physiology and photosynthetic capability under variable incident irradiances is essential to predict the utility of candidate algal species for either open (algal ponds, raceway tanks) or closed (photobioreactor) systems. Ponds are usually optimised to yield the highest level of lipid for the particular species of algae selected. Several species of microalgae are promising sources of lipids when grown for large-scale biomass and biofuel production, including the green alga Desmodesmus sp., the cyanobacteria Oscillatoria sp. and Arthrospira sp. grown in wastewaters (Komolafe et al., 2014) , the green algae Botryococcus sp. and Chlorella vulgaris (Huang et al., 2013 (Huang et al., , 2014 ) and the eustigmatophycean Nannochloropsis oculata (Sukenik et al., 1989 ). The effect of various environmental factors, such as pH, concentration of carbon dioxide in the medium, and irradiance were shown to impact on lipid production of microalgae (Huang et al., 2014) . Beyond these environmental parameters, the application of nanomaterials (such as CaO and MgO nanoparticles) has been found to be effective catalysts of lipid synthesis and lipid extraction procedures (Zhang et al., 2013) . One of the most important environmental factors that drive primary production via photosynthesis and fatty acid methyl ester (FAME) production is light (Sukenik et al., 1989; Pal et al., 2011) , where the flux density and spectral distribution of photosynthetically active radiation are both important factors. Therefore, innovations in light delivery and subsequent capture have the potential to revolutionise the biofuel industry. Spectral modification of incident light in a photobioreactor by photoluminescent phosphors increased the rate of biomass production in
Haematococcus pluvialis (Wondraczek et al., 2013) . Genetic engineering of light harvesting antennae to enhance light absorption is a major topic in Chlamydomonas reinhardtii research (Ort et al., 2011) . The practicability of such approaches for enhancing growth of algae for large-scale biofuel production remains to be established both technically and economically, but will require a complete understanding of the acclimation potential of the cultured alga to be able to predict the optimum spectral distribution of light energy required by the cells.
Physiology and acclimation potential of Nannochloropsis spp. under natural light conditions
Nannochloropsis is a member of the class Eustigmatophyceae of unicellular yellowgreen coloured algae within the phylum Heterokontophyta; thus being more closely related to brown algae and diatoms than to green algae, although containing only chlorophyll (Chl) a as a major photosynthetic pigment and lacking the accessory chlorophyll, Chl c. This alga has small coccoid cells (approx. 3 µm diameter) containing one plastid (Murakami and Hashimoto, 2009 ). Nannochloropsis plays a significant role in aquaculture, where it is grown widely in outdoor ponds as a food for rotifers (Ferreira et al., 2009 applications using narrow bandwidth irradiance; the identification of regions where the spectrum of photosynthetically available radiation maximises the biomass of biofuelproducing algae.
Novel multi-wavelength chlorophyll fluorescence analysis on Nannochloropsis
spp.
A broadly applied, non-invasive method to assess photosynthetic capability and light-acclimation state of microalgae is based on variable fluorescence of Chl a (e.g. Schreiber, 2004) . The effective quantum yield of PSII can be readily determined at a given wavelength with pulse amplitude modulated (PAM) fluorometry (Genty et al., 1989 ) and based on incident photon flux density of a particular wavelength a relative rate of photosynthetic electron transport can be calculated. Problems arise when the rates of fluorescence derived electron transport which have been generated by different coloured lights are compared (Schreiber et al., 2012) . In this case, the relative efficiencies with which differently coloured light is absorbed by PSII have to be taken into account. The term 'functional absorption cross-sectional area of PSII' was introduced by Ley and Mauzerall, 1982 (Schreiber et al., 2012 ). In the current study, the acclimation potential of photosynthetic electron transport processes in Nannochloropsis oculata is analysed when grown at two different PFDs of white growth light, both below the usual midday peak solar irradiances, but differing 15-fold in absolute irradiance levels. As an estimate of accumulation of energy storage products, the fatty acid composition of the alga is determined under both growth conditions to better understand the potential effects of growth light intensity when N. oculata is utilised for biofuel production.
Materials and Methods
Inoculum strain and stock cultures
The microalga Nannochloropsis oculata (Australian National Algae Culture 
Experimental cultures
All cultures were grown as replicates (n=4) (determined as described below).
Determination of chlorophyll content
Chl a content of Nannochloropsis oculata cultures was determined according to the magnesium-saturated ethanol solvent procedure of (Ritchie, 2008) . Cell suspensions were extracted with 100% ethanol, stored at -20 ˚C for 24 h, and centrifuged (Labogene 1580R) for 1 min at 21,000 g. The absorbance of the pigment extracts was determined at the wavelengths of 632, 649 and 665 nm using a UV-VIS spectrophotometer (Varian Cary 50 Bio, Palo Alto, CA, USA). 
Multicolour PAM (Multiple Excitation
Determination of the PFD for each wavelength (establishing the PAR list)
The US-SQS/WB Spherical Micro Quantum Sensor (Heinz-Walz GmbH, Germany) was placed centrally in the quartz cuvette containing f/2 medium. The quantum sensor was directly connected to the MCP-C Control Unit of the MC-PAM and an automated routine by the PamWin-3 software was used to obtain the "PAR lists" for all wavelengths, which was saved and used for all measurements performed in the current communication. Based on these lists the PamWin-3 user software of the instrument automatically calculates the PFD values for all settings and wavelengths of pulsemodulated measuring light, continuous AL and multiple turnover pulses.
Optimisation procedure for measurements of σ II (λ)
In order to determine the absorption cross-sectional area of PSII, consecutive for each wavelength using special script files. ML intensity and gain were adjusted to obtain similar F 0 values and the AL intensities were adjusted to obtain similar initial rise kinetics for all wavelength.
Steady-state light curve (SSLC)
SSLCs were recorded according to Schreiber et al. (2012) . Light response curves of relative ETR (rETR) were recorded using the Light Curve Program files in PamWin-3.
In general, the same wavelength was used for ML and AL.
Step width at each intensity setting was 3 min. The low-intensity steps were covered by ML at high settings of pulse frequency. New cell suspensions were used for each new set of measurements after a different matching wavelength of ML and AL was applied.
Calculation of photosynthetic electron transport rates
Relative electron transport rates were calculated as rETR ൌ YሺIIሻ * PAR * ETR factor
where rETR is the relative electron transport rate, Y(II) is the effective quantum yield The photon absorption rate (PAR(II)) was calculated as
Where 
where Y(II) is the effective quantum yield and Y(II) max is the maximal quantum efficiency of PSII. 
Fatty
Photochemical efficiency and photoprotective capability of N. oculata assessed at different wavelengths
In order to characterise the quantum efficiency of photosystem II and the photoprotective capability of Nannochloropsis oculata grown under different light regimes, steady-state light curve measurements of the fluorescence parameters Y(II) and NPQ using MC-PAM with the same optical configuration and at the same wavelengths used for σ II (λ) measurements were recorded (Fig. 2) .
The effective quantum yield of PSII (Y(II)) declined as a function of irradiance, when measured at 440 (Fig. 2a) and at 540 nm (Fig. 2b) , at which wavelengths the maximal and minimal σ II was observed, respectively. At both wavelengths, the Y(II) of LL cells declined more rapidly than HL, due to the fact that LL cells were acclimated to Distinctly higher NPQ values were induced by the 440 nm light (Fig. 2c) than the 540 nm light (Fig. 2d) (Fig. 3 ). In the case of Y(II) plots (Fig. 3a) , Earlier studies suggested that Nannochloropsis spp. exhibits limited capacity for NPQ, indicating that this microalga does not utilise NPQ as a major photoprotective mechanism (Kotabova et al., 2011) . However, the multi-wavelength approach shows clearly that N. oculata can exhibit large NPQ values that are distinctly greater with 440 nm than with 625 nm light, which can be readily explained by the fact that PSII absorption at 625 nm is only about a quarter of that at 440 nm (Fig. 1) . Therefore, when blue light is used as an actinic source, NPQ is activated at much lower PAR and can reach a value of 3.5 to 4, indicating that the blue-green region of the PAR does induce efficient photoprotective mechanisms in Nannochloropsis oculata.
Relative electron transport rates (rETR) of N. oculata
The relative rate of photosynthetic electron transport (rETR) is useful for characterising the light-acclimation state of photosynthetic organisms and for providing estimates of photosynthetic efficiency and capacity, which can be done with standard equipment even under field conditions. Provided that the same organism is investigated using the same wavelength of light under different physiological states, there is no need to quantify ETR in absolute units. However, large differences in rETR light response curves have to be expected when the responses to differently coloured light are compared (Schreiber et al., 2012) .
The maximal electron transport rates (rETR max ) and the light intensities at which the saturation of the SSLC occur (E k ) are shown in Figures 4a and 4b , respectively. The spectra of both rETR max (Fig. 4c ) and E k (Fig. 4d) are the inverse of the spectrum of σ II (λ), meaning that the saturation and maximal rates of electron transport rates are minimal at 440 nm (where the absorption cross-section is the highest) and maximal at 540 nm (where the absorption cross-section is the lowest). Cells grown at HL show an approximately 1.6-fold higher rETR max and E k value, indicating the different light acclimation status to LL cells. It has to be noted however, that rETR parameters at a given wavelength cannot be used as true values for electron turnover rates of PSII, unless the cross-sectional area of PSII determined at the same wavelength (fulfilled in this study), and the photon absorption rate of PSII (PAR(II)) is calculated (see below).
Since there are minor differences in σ II (λ) between HL and LL treatments, PAR(II) was calculated to enable a better comparison between absolute electron transport rates of PSII. The relative and absolute electron transfer rates are compared in Fig. 5 at the two wavelengths, 440 and 540 nm, absorbed to a maximal and minimal extent, respectively.
It is apparent that the large differences in the light response curves of rETR with 440 and 540 nm illumination ( 
Fatty acid methyl ester (FAME) composition of N. oculata
The FAME composition of N. oculata grown under the two different light regimes is presented in Table 1 classes other than fatty acids were present. Nevertheless, the two light regimes clearly affected the FAME composition of the cells.
Conclusion
The productivity of N. oculata and other algal species is ultimately determined by the effectiveness of their photosynthesis. This study presents new insights into the photosynthetic capabilities and lipid production of microalgae that experience order of magnitude differences in growth irradiance, both as light absorption and quantitative measure of photosynthetic electron transport rate. Elevated growth irradiance was found to be ideal for both enhanced photosynthetic activity and production of saturated fatty acids, preferred for biofuel production. Additionally, Nannochloropsis oculata has the potential to selectively acclimate to distinct spectral regions of photosynthetically available radiation, with strong preference to blue-green light.
Supplementary material
The experimental setup and the spectrum of the LED source that was used for the experiments (Section 2.2) are depicted in Supplementary material.
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